Colorectal cancer is the second leading cause of cancer-related deaths in the United States. Although noninvasive stool-based screening tests are used for the early detection of colorectal neoplasia, concerns have been raised about their sensitivity and specificity. A metabolomics-based approach provides a potential noninvasive strategy to identify biomarkers of colorectal carcinogenesis including premalignant adenomas. Our primary objective was to determine whether a distinct metabolic profile could be found in both feces and plasma during experimental colorectal carcinogenesis. Feces, plasma as well as tumor tissue and normal colorectal mucosa were obtained from A/J mice at several time points following administration of azoxymethane or saline. Ultra-performance liquid chromatography tandem mass spectroscopy and gas chromatography mass spectroscopy were used to quantify metabolites in each of these matrices. Here, we show that colorectal carcinogenesis was associated with significant metabolic alterations in both the feces and plasma, some of which overlap with metabolic changes in the tumor tissue. These consisted of 33 shared changes between feces and tumor, 14 shared changes between plasma and tumor, and 3 shared changes across all 3 matrices. For example, elevated levels of sarcosine were found in both tumor and feces whereas increased levels of 2-hydroxyglutarate were found in both tumor and plasma. Collectively, these results provide evidence that metabolomics can be used to detect changes in feces and plasma during azoxymethane-induced colorectal carcinogenesis and thus provide a strong rationale for future studies in humans. Cancer Prev Res; 1-10. Ó2012 AACR.
Introduction
Colorectal cancer (CRC) is the second leading cause of cancer-related deaths in the United States (1) . In most cases, CRC evolves over a number of years (2, 3) , providing a window of opportunity for early detection and potential intervention to increase survival. To maximize the public health benefit, the optimal screening test should be noninvasive, widely available, and affordable. A test should be able to detect both advanced precursor lesions and curable cancers throughout the colorectum. Although noninvasive fecal blood tests have been widely used, these tests have limited sensitivity for CRC and even lower sensitivity for advanced adenomas (4) (5) (6) . Stool DNA (sDNA) testing represents another noninvasive method for detecting neoplasia-derived biomarkers. sDNA testing has been used to identify molecular changes associated with colorectal carcinogenesis including mutated genes and altered methylation patterns (7) (8) (9) (10) . Recently, large adenomas and early stage CRC were detected using next-generation sDNA testing (8) . However, large-scale population studies utilizing sDNA testing are needed to further evaluate the sensitivity and specificity of this approach, particularly at the early stages of CRC. Given the limitations of existing methods, complementary approaches to enhance noninvasive screening of colorectal neoplasia should be explored.
Metabolomics can be used to identify and quantify small molecules in a variety of biologic matrices (11, 12) . Data generated by this method enable the identification of potential biomarkers of disease as well as dissection of molecular pathways in pathophysiological conditions including cancer (13) (14) (15) (16) (17) (18) (19) (20) . However, little is known about the potential use of targeted metabolomics for the identification of biomarkers of intestinal neoplasia in feces or plasma. Here, our main goal was to determine whether metabolic changes can be detected in feces and plasma during azoxymethane (AOM)-induced colorectal carcinogenesis. A second objective was to investigate whether the tumor was a potential source for altered levels of metabolites in feces or plasma. Analyses in the current study detected a large number of altered metabolites in feces and plasma of tumor-bearing mice, including a subset corresponding to increasing tumor burden. In addition, specific metabolic changes overlapped across all 3 sample types. We also found alterations in a number of metabolic pathways in tumor tissue. Our results provide the first evidence that metabolomics can be used to detect changes in feces and plasma that reflect experimental colorectal neoplasia. These findings provide a strong rationale for carrying out human studies with the goal of both defining the metabolic changes that occur in tumor tissue during colorectal carcinogenesis and possibly identifying metabolites in feces or plasma that reflect colorectal neoplasia.
Materials and Methods

AOM administration and sample collection
A/J mice were purchased from The Jackson Laboratory and administered 6 weekly intraperitoneal injections of either AOM (10 mg/kg; Sigma Aldrich; n ¼ 40) or 0.9% saline (n ¼ 35) beginning at 5 weeks of age (ref. 21 ; Fig. 1 ). Mice were maintained on AIN-93G purified diet (Research Diets) during the entire experiment. Feces were collected 3, 5, and 7 weeks after the last injection by placing mice from the AOM and saline-administered groups in empty cages. Following defecation, fecal pellets (average wet fecal weight, 129 mg/cage) were snap frozen. Blood was collected at sacrifice by cardiac puncture for the preparation of plasma 5 and 7 weeks after the last injection. Seven weeks after the last injection, colorectal tumor tissue, and normal colorectal mucosal samples were collected and snap frozen from AOM and vehicle-treated mice, respectively. Feces, plasma, and colorectal tissue were stored at À80 C until shipped to Metabolon, Inc. for analysis. All experiments were approved by the Weill Cornell Medical College Institutional Animal Care and Use Committee.
Assessment of tumor burden
Whole colons were harvested from a separate set of AOMinjected mice 3, 5, and 7 weeks following the last injection and formalin fixed to assess tumor burden. Tumor number and volume were determined in whole mounts following methylene blue staining. Subsequently, colons were Swissrolled, paraffin embedded, and subjected to histologic analysis by a gastrointestinal pathologist (R.K. Yantiss) following H&E staining.
Metabolomic analysis
All samples were shipped on dry ice to Metabolon, Inc. for quantification of metabolites. Each sample was accessioned into the Metabolon Laboratory Information Management System (LIMS) and was assigned by the LIMS a unique identifier that was associated with the original source identifier only. This identifier was used to track all sample handling, tasks, results, etc. The samples (and all derived aliquots) were tracked by the LIMS system. All portions of any sample were automatically assigned their own unique identifiers by the LIMS when a new task was created; the relationship of these samples was also tracked.
For sample preparation, water was added to a volume of 5 mL/mg of tissue (n ¼ 6/group) and subjected to homogenization by rapid shaking with a stainless steel ball in a Genogrinder 2000 (Glen Mill Inc.). Fecal pellets were first lyophilized then resuspended in water (20 mL/mg of dried sample) before homogenization by rapid shaking as described above. Following homogenization, 100 mL of the tissue or fecal suspensions were used for extraction. One hundred microliters of each plasma sample were directly used for extraction. Samples were prepared using the automated MicroLab STAR system (Hamilton Company). A recovery standard was added before the first step in the extraction process for quality control (QC) purposes. Sample extraction was conducted using an aqueous methanol extraction process to remove the protein fraction while allowing maximum recovery of small molecules. The resulting extract was divided into 4 fractions: 1 for analysis by ultraperformance liquid chromatography tandem mass spectroscopy (UPLC/MS/MS 2 ; positive mode), 1 for UPLC/MS/MS 2 (negative mode), 1 for gas chromatography mass spectroscopy (GC/MS), and 1 for backup. Samples were placed briefly on a TurboVap (Zymark) to remove the Age (wks)
Samples collected
Weeks after last injection Figure 1 . Experimental design. Male A/J mice were given 6 weekly intraperitoneal injections of AOM (10 mg/kg; n ¼ 40) or 0.9% saline (n ¼ 35) beginning at 5 weeks of age. Feces were collected 3, 5, and 7 weeks after the last injection; plasma was collected 5 and 7 weeks after the last injection; tumor tissue from AOM-injected mice and colorectal mucosa from salineinjected mice were harvested 7 weeks after the last injection. Separate groups of mice (n ¼ 5 mice/time point) were used to determine tumor burden and histology 3, 5, and 7 weeks following the last AOM injection.
organic solvent. Each sample was then frozen and dried under vacuum and prepared to run on either the UPLC/MS/ MS 2 or GC/MS instruments. Samples were processed as described previously (22, 23) . Briefly, the LC/MS portion of the platform was based on a Waters ACQUITY UPLC and a Thermo-Finnigan linear trap quadrupole mass spectrometer, which consists of an electrospray ionization source and linear ion-trap mass analyzer. The sample extract was dried then reconstituted in acidic or basic LC-compatible solvents, each of which contained 8 or more injection standards at fixed concentrations to ensure injection and chromatographic consistency. One aliquot was analyzed using acidic positive ion optimized conditions and the other using basic negative ion optimized conditions in 2 independent injections using separate dedicated columns. Extracts reconstituted in acidic conditions were gradient eluted using water and methanol containing 0.1% formic acid, whereas the basic extracts, which also used water/methanol, contained 6.5 mmol/L ammonium bicarbonate. The MS instrument scanned 99 to 1,000 m/z and alternated between MS and data-dependent MS 2 scans using dynamic exclusion with approximately 6 scans per second. Raw data files were archived and extracted as described below. The samples destined for GC/MS analysis were redried under vacuum desiccation for a minimum of 24 hours before being derivatized under dried nitrogen using bis(trimethylsilyl) trifluoroacetamide. The GC column was 5% phenyl and the temperature ramp was from 40 to 300 C in a 16-minute period. Samples were analyzed on a Thermo-Finnigan Trace DSQ fast-scanning singlequadrupole mass spectrometer using electron impact ionization. The information output from the raw data files was automatically extracted as discussed below.
For quality assurance (QA)/QC, additional samples were included with each day's analysis. These samples included extracts of a pool of well-characterized human plasma, extracts of a pool created from a small aliquot of the experimental samples, and process blanks. QC samples were spaced evenly among the injections and all experimental samples were randomly distributed throughout the run. A selection of QC compounds was added to every sample for chromatographic alignment, including those under test.
Instrument variability was determined by calculating the median relative standard deviation (RSD) for the internal standards that were added to each sample before injection into the mass spectrometers. Also included were several technical replicate samples created from a homogeneous pool containing a small amount of all study samples ("Study Matrix"). Overall process variability was determined by calculating the median RSD for all endogenous metabolites (i.e., non-instrument standards) present in 100% of the study matrix samples which are technical replicates of pooled study samples. Values for instrument and process variability in association with these samples met Metabolon's acceptance criteria. Specifically, instrument variability for the internal standards was found to have median RSDs of 4, 5, and 4% for the feces, plasma, and colorectal tissue, respectively. Total process variability for the endogenous biochemicals had median RSDs of 14, 14, and 11% for the feces, plasma and colorectal tissue, respectively.
Raw data were extracted, peak-identified and QC processed using Metabolon's hardware and software. These systems are built on a web-service platform utilizing Microsoft's .NET technologies, which run on high-performance application servers and fiber-channel storage arrays in clusters to provide active failover and load balancing. Metabolon maintains a library based on authenticated standards that contain the retention time/index (RI), mass to charge ratio (m/z), and chromatographic data (including MS/MS spectral data) on all molecules present in the library. Furthermore, biochemical identifications are based on 3 criteria: retention index within a narrow RI window of the proposed identification, nominal mass match to the library þ/À 0.2 amu, and the MS/MS forward and reverse scores between the experimental data and authentic standards. The MS/MS scores are based on a comparison of the ions present in the experimental spectrum to the ions present in the library spectrum. While there may be similarities between these molecules based on one of these factors, the use of all 3 data points can be used to distinguish and differentiate biochemicals. More than 2,400 commercially available purified standard compounds have been acquired and registered into LIMS for distribution to both the LC and GC platforms for determination of their analytical characteristics. Representative EI fragmentation mass spectra of experimental samples and standards for key metabolites identified in this study are shown in Supplementary Fig. S1 .
Quantitative real-time PCR
Total RNA was isolated from frozen tumor tissue or normal colorectal mucosa using the RNeasy mini kit (Qiagen). RNA was reverse transcribed to make cDNA using murine leukemia virus reverse transcriptase and oligo (dT) 16 primer. The resulting cDNA was used for amplification using QuantiTect Primer Assays (Qiagen) for the following genes: Phosphoglycerate dehydrogenase (PHGDH; Mm_Phgdh_2_SG); phosphoserine aminotransferase (PSAT1; Mm_Psat1_2_SG); phosphoserine phosphatase (PSPH; Mm_Psph_1_SG); dimethylglycine dehydrogenase (DMGDH; Mm_Dmgdh_1_SG); sarcosine dehydrogenase (SARDH; Mm_Sardh_1_SG). Glycine-N-methyltransferase (GNMT) was amplified using the following primer sequences: forward 5 0 -GGTTGACGCTGGACAAAGAT-3 0 and reverse 5 0 -CAGTCTGGCAAGTGAGCAAA-3 0 . Glyceraldehyde 3 phosphate dehydrogenase was used as an endogenous normalization control for both commercial (Mm_Gapdh_3_SG) and designed primers (forward 5 0 -AATGTGTCCGTCGTGGA-TCT-3 0 and reverse 5 0 -CATCGAAGGTGGAAGAGTGG-3 0 ). The amplification products of non-commercial primers were verified by sequencing. Quantitative real-time PCR was conducted using 2Â SYBR green PCR master mix on a 7500 real-time PCR system (Applied Biosystems). Relative fold induction was determined using the ddC T (relative quantification) analysis protocol. 
Statistical analysis
Tumor burden in mice at the 3 time points was quantified in terms of tumor number, volume, and the number of invasive lesions. For each of the outcomes, the nonparametric Kruskal-Wallis test was used to compare the difference across the 3 time points. Wilcoxon rank-sum test was then used to compare the outcome measured at any 2 time points of interest. P < 0.05 were considered statistically significant.
Metabolomic analyses were carried out for colorectal tissue, feces, and plasma samples. Biochemicals that were detected in at least 1 sample from each group were analyzed. Missing values for the detected biochemicals were imputed with the lowest detected value across all groups. Following log transformation, a flexible Bayesian model-averaging approach was used to examine the effects of AOM treatment, time from treatment and AOM treatment by time interaction on the level of biochemicals measured in different samples (24) . False discovery rate (FDR) derived from the posterior inclusion probability of AOM treatment and/ or AOM treatment by time interaction effects for each biochemical in a particular sample matrix was obtained. We also calculated the median based fold change and the effect size (25) of differences (i.e., standardized difference) in biochemical levels in samples obtained at each time point comparing the AOM and saline-injected mice. The effect size is defined as
, where
x AOM and x ctrl are average metabolite levels in the AOM and the saline-injected groups respectively, s is the pooled standard deviation defined as ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
where s AOM and s ctrl are unbiased estimates of standard deviations of the respective study groups and n AOM and n ctrl are the sample sizes of the respective groups (26) . Significantly altered biochemicals at all time points were identified by using the following criteria (Criteria 1): (i) FDR< 0.05; (ii) jeffect sizej > 1 at all time points; and (iii) median based fold-change less than 0.667 or more than 1.5 at all time points. To identify those biochemicals that showed significant time-dependent changes in fecal and plasma samples in association with tumorigenesis, we used the following criteria (Criteria 2):
(ii) FDR < 0.05; (ii) effect sizes of AOM versus saline differences at the 3 time points, which either increased or decreased over time; (iii) the difference between effect size at the earliest time point (3 weeks for fecal samples; 5 weeks for plasma samples) and effect size at 7 weeks is greater than 0.8 for every 2 weeks of time difference; (iv) the difference in biochemical levels in terms of effect size and fold-change comparing the AOM and saline groups at 7 weeks reached significance as specified in Criteria 1. The overlap in metabolic changes across the 3 matrices is shown using the Venn diagrams in Fig. 6 .
Pathway analysis
Those metabolites significantly changed in tumor tissue as compared with normal mucosa were subjected to Ingenuity Pathway Analysis (IPA) software (Winter release 2011; Ingenuity Systems) to determine molecular interactions (27) . KEGG identifiers or Chemical Abstract Service registry numbers and fold changes were uploaded to IPA and each identifier was mapped to its corresponding metabolite in the IPA Knowledgebase. Interactions were then queried between these metabolites and all other metabolites stored within IPA to generate a set of direct interaction networks that were merged. Significantly altered pathways were determined based on the number of molecules altered within a given pathway as determined by the software.
Results
Administration of AOM leads to increased colorectal tumor burden
We first determined colorectal tumor burden in A/J mice 3, 5, and 7 weeks following AOM injections. There was 100% tumor incidence in these mice and methylene blue staining of whole colorectal mounts showed a progressive increase in tumor number ( Fig. 2A) and volume (Fig. 2B) over time. Histologic analysis of these tissues revealed mostly noninvasive adenomas at the 3-week time point with a progressive increase in the number of dysplastic lesions with mucosal invasion at 5 and 7 weeks (Fig. 2C) . Weeks after last AOM injection 3 5 7 Weeks after last AOM injection To evaluate whether colon carcinogenesis is associated with an altered fecal metabolic profile, feces from AOM versus saline-administered mice were subjected to metabolomic analysis. Significant changes in the levels of 97 metabolites (58 increased and 39 decreased) were found in feces from AOM versus saline-injected mice at 3, 5, and 7 weeks after the last injection (Fig. 3A) . These changes included decreased levels of dipeptides and a reciprocal increase in amino acids as well as increased levels of gammaglutamyl amino acids (Fig. 3A) . Interestingly, levels of sarcosine, a metabolite previously implicated in cancer progression (20) increased in the feces of tumor-bearing mice (Fig. 3A) . We next investigated whether any metabolic changes in feces correlated with increasing tumor burden. A total of 43 fecal metabolites followed this pattern including 19 that increased and 24 that decreased (Fig. 3B) . For example, the levels of heme, a known biomarker of gastrointestinal bleeding, increased during tumor progression.
A C B
Colon carcinogenesis is associated with altered metabolites in plasma
The metabolic profile of plasma was next examined from AOM versus saline-treated mice at 5 and 7 weeks after the last injection. A total of 54 metabolites significantly changed at both time points (21 increased and 33 decreased), including a number of bile acids and lipids (Fig. 4A) . Notably, levels of 2-hydroxyglutarate (2-HG), a metabolite previously implicated in cancer (28) (29) (30) , were increased in Figure 3 . Metabolite levels are altered in feces from colorectal tumor-bearing mice. A/J mice were given 6 weekly injections of either AOM or saline, and feces were collected 3, 5, and 7 weeks following the last injection. Metabolite levels were measured in feces from the saline and AOM-injected mice (n ¼ 8/group). A, a heat map of significantly altered metabolites was generated by comparing feces from AOM versus saline injected mice for each time point. Data are rank transformed and displayed as color intensity with low levels indicated by green color and high levels indicated by red color. B, effect size of differences in metabolite levels between mice in AOM and saline-injected groups at different time points following treatment showing time-dependent changes. The effect size is defined as
, where x AOM and x ctrl are the average metabolite levels in the AOM and the saline-injected groups, respectively and s is the pooled standard deviation of metabolite levels measured in the 2 groups. Metabolite names are ordered with respect to the effect size of difference in metabolite levels at 7 weeks. Metabolites in different pathways are color coded in A and B: red font, amino acid; yellow font, carbohydrate; purple font, cofactors and vitamins; orange font, energy; black font, lipids; dark blue font, nucleotides; green font, peptides; and light blue font, xenobiotics.
the plasma of tumor-bearing mice (Fig. 4A) . We also examined whether any metabolic changes in plasma correlated with progression of colon carcinogenesis. Nineteen metabolites changed over time including 9 that increased and 10 that decreased (Fig. 4B) .
Altered metabolites found in colorectal tumor tissue
Next, we compared the metabolic profiles of colorectal tumors versus normal colorectal mucosa. The levels of 189 metabolites significantly changed including 61 that increased and 128 that decreased in tumor tissue versus normal colorectal mucosa (Fig. 5A-C) . Upon categorization of these changes, the largest number of altered metabolites was lipids (14 increased and 63 decreased) and amino acids (29 increased and 13 decreased; Fig. 5A and B). Similar to the findings in feces, tumor tissue also had decreased levels of dipeptides with a concomitant increase in amino acids (Fig. 5B) . Levels of additional biochemicals that were changed in tumor tissue included a number of carbohydrates and nucleotides (Fig. 5C) . Finally, increased levels of 2-HG and sarcosine, were also found in tumor tissue (Fig. 5A and B) .
To determine whether the metabolomic changes found in tumor tissue were consistent with alterations in a given metabolic pathway, these data were subjected to IPA. Of the 189 metabolites that were changed in tumor tissue, 97 were identifiable by IPA that showed significant alterations in 22 canonical pathways (Supplementary Fig. S2 ). Among these pathways, "Glycine, Serine, and Threonine Metabolism" showed increased levels of betaine, dimethylglycine, sarcosine, glycine, and serine (Fig. 5D) . Next, we conducted gene expression analysis on the enzymes responsible for the production of these metabolites in tumor tissue and normal colorectal mucosa. As shown in Supplementary Table S1, the levels of enzymes responsible for serine production including PHGDH, PSAT1, and PSPH were all increased in tumor tissue compared with normal mucosa. In addition, the enzymes that generate sarcosine including DMGDH and GNMT were elevated and SARDH that converts sarcosine to glycine, was decreased (Supplementary Table 1 ).
Metabolic changes that overlap in feces, plasma, and tumor
The results described above indicate that a large number of metabolic changes occur in feces and plasma from tumorbearing mice as well as in tumor tissue itself. Therefore, we evaluated how many of the significantly changed metabolites were shared by each of the 3 matrices 7 weeks after Figure 5 . Metabolite levels are altered in colorectal tumor tissue. A/J mice were given 6 weekly injections of either AOM or saline. Seven weeks following the last injection, colorectal mucosa was collected from salineinjected mice and tumor tissue was harvested from AOM-injected mice. Metabolite levels were measured in both tissue types (n ¼ 6/group) and significantly altered metabolites were determined by comparing tumor tissue vs. normal mucosa. A, lipids. B, amino acids and peptides. C, additional biochemicals. Data are rank transformed and displayed as color intensity with low levels indicated by green color and high levels indicated by red color. Metabolites in different pathways are color coded: red font, amino acid; yellow font, carbohydrate; purple font, cofactors and vitamins; orange font, energy; black font, lipids; dark blue font, nucleotides; green font, peptides; light blue font, xenobiotics. Fig. 6 show 33 shared changes (10 increased, 23 decreased) between feces and tumor, 14 shared changes (4 increased, 10 decreased) between plasma and tumor and 3 shared changes (2 increased, 1 decreased) across all 3 matrices. As expected from our independent analyses of feces and tumor tissue, the shared biochemical changes included mainly amino acids, dipeptides, and lipids. In comparison, fewer metabolomic changes were shared by plasma and tumor that consisted primarily of altered lipid levels. The identity and magnitude of changes in the overlapping metabolites are shown in Supplementary Table 2 .
Discussion
Here we show that metabolomic profiling can be used to noninvasively identify novel biomarkers of AOM-induced colorectal neoplasia in mice. Altered metabolite levels were found in feces and plasma of tumor-bearing mice and in tumor tissue itself. In fact, a number of these metabolic changes overlapped across the 3 matrices.
Because colorectal tumors can shed cells or bleed, feces provide a potentially ideal matrix for identifying biomarkers of intestinal neoplasia. To this point, a large number of altered metabolites were detected in the feces of tumor-bearing mice. Ideally, a biomarker should reflect the burden of disease. We identified 43 fecal metabolites including heme that changed with disease progression (Fig. 3B) . The fact that levels of heme increased over time is consistent with enhanced gastrointestinal bleeding as tumor burden increased. In humans, the stool guaiac test detects heme and is used to noninvasively screen for colorectal neoplasia (6) . The current preclinical results suggest that a large number of metabolites in addition to heme change during colorectal carcinogenesis. If metabolic changes in addition to elevated heme levels can be detected in the feces of humans during colorectal carcinogenesis, it may be possible to develop improved metabolite-based noninvasive testing.
Plasma offers another potential matrix to identify biomarkers of colorectal carcinogenesis. Importantly, our study found a significant number of altered metabolites in the plasma of tumor-bearing mice, including many that changed in association with increased tumor burden ( Fig. 4A and B) . A number of human studies have also used MS in an effort to identify blood-based signatures of CRC (15, 16, 18, 19) . Consistent with prior reports in humans (15, 18) , we found altered levels of urea, hippurate, and 2-hydroxybutyrate in tumor-bearing mice (Fig.  4A) . We recognize that our ability to tightly control variables that can affect the metabolome including diet, age, gender and gut microbiota may result in different or additional changes than what has been found in humans (11) .
Metabolomic analysis can also provide new insights into the deregulation of molecular pathways in tumors. Of interest, serine (a product of phosphoglycerate dehydrogenase activity), sarcosine (an intermediate in glycine metabolism) and 2-HG (a product of glutamate/a-ketoglutarate metabolism) were increased in tumor tissue as compared with normal colorectal mucosa ( Fig. 5A and  B) . The observed expression changes in PHGDH, PSAT, PSPH and DMGDH, SARDH, GNMT within the tumor tissue can explain the increases in serine and sarcosine levels, respectively (Supplementary Table S1 ). We also note that AOM-induced tumors contain b-catenin and Kras mutations that may contribute to these metabolomic changes (31) (32) (33) (34) .
The relevance of our findings is highlighted by several previous human findings. For example, increased serine levels have been reported in human colon cancer (13, 14) . Moreover, a subset of human breast cancers appears to be dependent on the serine synthesis pathway (35) . Increased sarcosine levels have been observed in prostate cancer and may play a role in progression (20) . The finding of increased 2-HG levels is potentially significant given its association with leukemia and glioma in which mutant isocitrate dehydrogenase contributes to its increased production (28) (29) (30) . Future studies are warranted to elucidate the functional significance of the observed metabolic changes. Significantly, sarcosine was increased in both feces and tumor tissue, and 2-HG was increased in both plasma and tumor tissue, which may reflect tumor cell shedding. In this regard, changes found in feces and plasma occurred at an early stage of colorectal carcinogenesis (Figs. 3 and 4) , highlighting the potential utility of metabolomics for identifying biomarkers of early colorectal lesions. On the basis of the current findings, it will be of considerable interest to determine whether the serine-sarcosine or glutamate-2-HG pathways are altered in human colorectal tumors.
Future studies using this or related metabolomic approaches should be carried out in humans with the goal of both elucidating the metabolic changes that occur in colorectal neoplasia and identifying new biomarkers that have the potential to be useful for the early detection of colorectal neoplasia. 
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